It is often stated that star clusters are the fundamental units of star formation and that most (if not all) stars form in dense stellar clusters. In this monolithic formation scenario, low density OB associations are formed from the expansion of gravitationally bound clusters following gas expulsion due to stellar feedback. N-body simulations of this process show that OB associations formed this way retain signs of expansion and elevated radial anisotropy over tens of Myr. However, recent theoretical and observational studies suggest that star formation is a hierarchical process, following the fractal nature of natal molecular clouds and allowing the formation of large-scale associations in-situ. We distinguish between these two scenarios by characterising the kinematics of OB associations using the Tycho-Gaia Astrometric Solution catalogue. To this end, we quantify four key kinematic diagnostics: the number ratio of stars with positive radial velocities to those with negative radial velocities, the median radial velocity, the median radial velocity normalised by the tangential velocity, and the radial anisotropy parameter. Each quantity presents a useful diagnostic of whether the association was more compact in the past. We compare these diagnostics to models representing random motion and the expanding products of monolithic cluster formation. None of these diagnostics show evidence of expansion, either from a single cluster or multiple clusters, and the observed kinematics are better represented by a random velocity distribution. This result favours the hierarchical star formation model in which a minority of stars forms in bound clusters and large-scale, hierarchically-structured associations are formed in-situ.
INTRODUCTION
It is often assumed that most (if not all) stars are formed in dense, embedded, gravitationally bound clusters. In this monolithic model of star formation, observed low density associations of OB stars must have been formed as single dense stellar clusters (i.e. "singularly monolithic") or multiple stellar clusters (i.e. "multiply monolithic") that subsequently underwent a period of expansion to form the large scale structures visible today (Lada & Lada 1991; Brown et al. 1997; Kroupa et al. 2001) . It is postulated that following the formation of stars, gas is expelled from clusters through feedback, rendering the clusters super-virial and allowing dispersal (Hills 1980; Goodwin & Bastian 2006; Baumgardt & Kroupa 2007) . This mechanism has often been used to explain the low proportion of gas-free, gravitationally bound clusters clusters after a few Myr. However, star formation is observed to take place in a wide range of environments including large scale hierarchical structures and isolated young stellar objects which are not as-⋆ E-mail: ward@uni-heidelberg.de (JLW) sociated with clusters (e.g. Gomez et al. 1993; Lamb et al. 2010; Allen et al. 2007; Gutermuth et al. 2008; Evans et al. 2009 ).
In an alternative, hierarchical model of star formation, (e.g. Elmegreen 2002 Elmegreen , 2008 Bastian et al. 2007; Bonnell et al. 2011; Kruijssen 2012 ) stars form in a substructured and scale-free distribution of initial conditions (as expected from a supersonically turbulent interstellar medium, ISM), which can naturally explain the wide range of observed stellar densities. Bressert et al. (2010) find that present-day, nearby young stellar objects (YSOs) are observed over a continuous density distribution, without features corresponding to individual clusters, concluding that this is likely a result of star formation occurring over a continuous density distribution. However, this conclusion has been contested by studies showing that expanding clusters can reproduce a similar result (Gieles et al. 2012; Parker & Meyer 2012; Pfalzner et al. 2012 ). Recent observational studies of the progenitors of young massive clusters (YMCs) have concluded that the density is insufficient to form the observed stellar densities of YMCs in-situ and that therefore the mass must become more centrally concentrated as the (proto)cluster evolves (Walker et al. 2015 (Walker et al. , 2016 , see also the review of Longmore et al. 2014) , in strong contrast with the idea of gas expulsion-driven expansion towards the present-day densities.
Recent theoretical work has also called into question the effectiveness of gas expulsion as a means of cluster disruption, finding that the highest-density regions achieve gas exhaustion rather than gas expulsion, due to the short free-fall times and correspondingly high star formation efficiencies Girichidis et al. 2012) . As a result, the dynamical effect of gas expulsion is small. This work is supported by the observations presented by Ginsburg et al. (2016) , who find that the W51 protoclusters are evolving towards a state of gas exhaustion rather than gas expulsion. The above concepts have been combined in the analytical theory for the fraction of star formation occurring in bound clusters (i.e. the cluster formation efficiency) by Kruijssen (2012) , who translates the local star formation efficiency to a bound fraction by integrating over the continuous density spectrum of the ISM. The model predicts that the fraction of star formation occurring in bound clusters increases with gas pressure and surface density, leading to the conclusion that clusters are a possible outcome of star formation, rather than a fundamental unit.
The monolithic model of star formation firmly predicts that, if gas expulsion is a rapid process (operating on a time-scale smaller than one crossing time), the stars outside of the Lagrangian radius containing 20% of the stars in a cluster will acquire strongly radially anisotropic velocities. For the first 20 Myr, the N-body simulations of Baumgardt & Kroupa (2007) predict that expanding clusters are strongly radially anisotropic and super-virial. This anisotropy initially takes values in the range β = 0.4-1, but is expected to persist to a value of β ∼ 0.2 up to hundreds of initial crossing times (see Figures 8 and 9 in Baumgardt & Kroupa 2007) . If clusters expand into transient associations before ultimately dispersing into the Galactic field, then we would expect OB associations to typically exhibit strongly radially anisotropic velocity fields with (on average) positive outward radial motions. Regardless of the number of expanding clusters, and their geometry, expansion of clusters within an association must result in a net expansion of the association. Therefore, observing the dynamics of present-day OB associations offers a powerful diagnostic to distinguish between the two paradigms of star and cluster formation, i.e. monolithic or hierarchical star formation. This is not the first paper aiming to address this question by studying the dynamics of OB associations. Preibisch & Zinnecker (1999) presented a detailed analysis of the distribution and kinematics in the Upper Sco OB association; however, they make no conclusions as to the origin of the association. In a detailed analysis of the structure and kinematics of the OB association Cygnus OB2, Wright et al. (2014 Wright et al. ( , 2016 found that the level of dynamical evolution experienced by this association is low, concluding that Cygnus OB2 most likely formed as a highly sub-structured and globally unbound system, i.e. it was always an association. While previous studies have targeted individual associations, our study capitalises on the unprecedented surveying power of Gaia to greatly expand the sample of OB associations, providing a systematic and comprehensive analysis.
In this work we test the hypothesis that all OB associations result from the expansion of one or more gravitationally bound clusters. We focus only on the generalised behaviour of OB associations and do not fit models to any specific OB associations. The main goal of this paper is to assess the validity of the singularly monolithic and multiply monolithic models of star formation as defined in this introduction. We test the hypothesis that all OB associations are expanded (massive) star clusters using the first Gaia (Gaia Collaboration et al. 2016a ) data release (DR1, Gaia Collaboration et al. 2016b) . Using the Tycho-Gaia Astrometric Solution (TGAS, Michalik et al. 2015 ) catalogue, we have carried out a 5-dimensional (position, distance, proper motion) association member selection of stars in the vicinities of known OB associations. We have performed a 4-dimensional analysis for each association, measuring the positions and velocities in the plane of the sky in order to determine whether the present day OB associations are indeed undergoing gas expulsion-driven expansion. In Section 2, we introduce our sample selection and association membership criteria as well as our initial data reduction and the generation of model data sets with which to compare the observed data. In Section 3, we quantify four key kinematic properties of the OB associations and compare these to model distributions. The implications of these results and remaining caveats are discussed in Section 4. Finally, our conclusions are summarised in Section 5.
SAMPLE SELECTION, DATA REDUCTION AND MODEL DISTRIBUTIONS
Accurate and precise distances towards OB association members are crucial for both membership selection and the analysis of dynamical properties of those associations. This study is therefore limited to a strictly enforced 3σ confidence limit on the distances (i.e. σ D ≤ D/3) derived from the TGAS catalogue parallaxes. We obtained parallaxes and corresponding uncertainties from the Gaia archive 1 for the entire TGAS catalogue (entries for ∼2 million stars). From these parallax measurements, we calculate distances and distance uncertainties. Figure 1 shows the uncertainty in distance relative to the distance (derived from TGAS parallaxes) against distance in kpc for the entire TGAS catalogue. Beyond a distance of 1.6 kpc, no stars have distances determined to the precision required in this study. This motivates an absolute distance cut of 1.6 kpc as no stars have distances measured to a 3σ confidence interval beyond this distance. Only OB associations with literature distances of less than or equal to 1.6 kpc are therefore considered in the remainder of this work. For OB associations within this distance, we only consider the stars with distance uncertainties smaller than 1/3 of the distance. This defines the parent sample from which OB associations will be extracted based on their clustering in 5-dimensional phase space, yielding much smaller numbers of stars (N * = 100-400).
TGAS data
We use data from the TGAS catalogue of stellar parallaxes and proper motions to characterise the kinematic properties of nearby OB associations. We obtained parallaxes and proper motions (along with corresponding uncertainties) for potential members of each of the 43 OB associations within 1.6 kpc of the sun based on the distances of Mel 'Nik & Dambis (2009) . These data were obtained using a cone search with a radius of 150 pc at the literature distance for each association. For each OB association, data for all stars with distances constrained to less than 3σ have been excluded from the remainder of our study. The remaining sample was then cross-referenced with the Simbad database, determining the nearest counterparts within a positional tolerance of 1 ′′ to define our sample of OB-type stars. A cut has been imposed to exclude sources Figure 1 . Relative uncertainties in the derived distances against distance based on parallax measurements for the entire TGAS catalogue. The dashed lines mark the 3σ distance uncertainty cut-off imposed in this work, motivating a maximum distance cut of 1.6 kpc. Only those stars that fall in the lower left quadrant of this Figure are considered in this study. This defines the parent sample from which OB associations will be extracted based on their clustering in 5-dimensional phase space, yielding much smaller numbers of stars (N * = 100-400).
with distances greater than 150 pc from the expected association distances from Mel'Nik & Dambis (2009) .
Using the distances determined from the TGAS parallaxes, we calculate 2-dimensional physical distances (X,Y) in the plane of the sky from the median position of the OB stars in the sample in pc. Likewise, the same distances are used to convert observed proper motions from mas/yr to physical velocities in km s −1 . We define over-abundances of OB stars as regions with peak number densities of at least three times the observed background level of O-and Btype stars measured across the 150 pc radius region with bin sizes of 2 pc. We then determine the position and size of the associations in each axis by fitting Gaussian profiles to the over-densities in each of the 5 dimensions available: X, Y, D, v x , and v y .
Association members are selected as satisfying |x| < σ X and |y| < σ Y , where x ≡ X − µ X and y ≡ Y − µ Y . A strict 1σ criterion is imposed where possible in X and Y in order to minimise the likelihood of selecting contaminating field stars as association members. In cases where the 1σ criterion did not yield at least 100 stars including at least 10 O-or B-type stars, a 3σ criterion was imposed and if insufficient numbers of stars were selected within 3σ the association was excluded from the sample. Similarly, we impose a line-of-sight distance selection criterion of |Z | < (∆D 2 + σ 2 Z ) 1/2 where Z ≡ D − µ D and ∆D is the uncertainty as derived from the uncertainty in the TGAS parallax measurement. This then removes the outliers in line-of-sight distance from the sample. The dispersions used to carry out the above selection criteria are listed in Table 1 .
As we are interested in the kinematic properties of the association members, kinematic outliers which are not true association members are potentially a serious problem as they can artificially skew the diagnostics employed in Section 3. For this reason, we impose a velocity cut of |v x | < 3σ v X and |v y | < 3σ v Y with v x ≡ v X − µ v X and v y ≡ v Y − µ v Y , removing the most extreme velocity sources while maintaining the vast majority of the sample. OB associations were rejected if they did not contain at least 100 stars including at least 10 O-or B-type stars within the 3σ limit. This yields a final sample of 18 OB associations. The number of selected members and the number of dispersions in X,Y and distance used to select the members of each association are listed in Tables 2 and 3 . These kinematic criteria typically filter out less than 1% of the stars in each association, implying that it has a limited influence on the diagnostics presented in Section 3. The position-velocity analysis employed in this work depends on a reasonable determination of the centres of the OB associations. The centres of mass of the associations require known masses for all association members, which are not available. Therefore we define two association centres and use both in the subsequent analysis. The first centre is determined to be the mean 4-dimensional (X,Y,v x ,v y ) position of the OB stars -this is of course biased towards the most massive and least numerous sources in the association. The properties of the OB associations using the mean position and velocity of the OB-type stars are given in Table 2 . The second centre is set as the mean 4-dimensional position of all stars in the association, biased towards the more numerous low mass stars. Table 3 shows the properties of the OB associations when using the mean position and velocity of all stars. Given that one centre is biased towards low mass stars and the other is biased towards high mass stars, it is expected that the centre of mass of each association lies between these two points.
Once the velocities are in the association centre frame, the radial velocities v r are determined by taking the dot product of the velocity vector with the radial unit vector. The tangential velocity is then obtained by subtraction as v t = (v 2 − v 2 r ) 1/2 . We define a positive radial velocity as moving away from the centre of the OB association and a negative value as moving towards the centre of the association. Similarly, we (arbitrarily) define the tangential velocity as being positive if the motion is anti-clockwise with respect to the previously determined association centre and negative if the motion is clockwise with respect to the association centre. Table of parameters for all 18 OB associations relative to the centre of OB stars. The first column gives the association names. This is followed by the number of dispersions (σ) to which association members were selected in 3-dimensional spatial coordinates in order to provide at least 100 stars, at least 10 of which are OB-stars (see Section 2.1). The third column contains the number of member stars in each association. Column 4 gives the ratio N vr >0 /N vr <0 as described in Section 3.1. Columns 5 and 6 give the median radial velocities and radial velocity dispersions. The average velocity uncertainty for each association is given in column 7. The ratio between the radial velocity and the absolute of the tangential velocity (see Section 3.2) and the dispersion in this value are given in the 8th and 9th columns. The final (10th) column displays the radial velocity anisotropy parameter as described in Section 3.3 for each of the associations, where positive (negative) values denote radial (tangential) anisotropy. Table 3 . Table of parameters for all OB associations relative to the centre of all stars. See also the caption of Table 2. assoc. 
Model distributions
In order to assess whether the observed kinematics are consistent with a net radial expansion, we compare our results for the observed OB associations with those of randomly generated velocity distributions. Six sets of models will be calculated: two distributions representing random velocity fields, two distributions representing localised expansion within associations, and two distributions representing globally expanding velocity fields. These models are therefore representative of no systematic expansion or contraction, expansion from multiple centres within an association (multiply monolithic), and globalised expansion from a single centre (monolithic). For reference, we will refer to these six model data sets as cases I, II, III, IV, V, and VI. They are explained below and visualised in Fig. 2 .
The first model set (case I) takes the real positions of the measured OB association data and the magnitude of the motions. The direction of motion is then randomised according to a uniform distribution in azimuthal angle. This process was repeated 20 times to increase the number of renditions yielding a total of 360 associations with randomised directions of motion.
As in the case I models, the case II and III models retain the positions and the velocity magnitudes of the observed OB associ- ations. In case II, the 20 nearest neighbours (in X and Y) are selected for each star. We define a local centre as the mean position and velocity of those 20 neighbours, and the radial and tangential components of the stellar velocity are calculated relative to the local centre. One third of the stars within each association are forced to exhibit outwards radial motion with respect to the local centre by taking v r to be the absolute value of the measured v r . Therefore, this model case represents associations that exhibit localised expansion.
In case III we assign the radial velocity to be the absolute of either the radial or tangential velocity components (v r = max (|v r |, |v t |)) for the same third of the stars, with the new tangential component being the smaller of the two components. Case III is representative of radially anisotropic localised expansion from multiple centres as is expected from a multiply monolithic formation model.
For the case IV distribution, we use the median and the standard deviations of the position and velocity dispersions of the ob-served sample of associations to generate a set of random position and velocity dispersions. These random values were drawn from four Gaussian distributions centred on the median of the measured dispersions in X, Y , v X , and v Y (Table 1 ) and using the standard deviation of the measured dispersions. These were subsequently used to populate 300 model OB associations with random numbers of stars drawn from a uniform distribution occupying the range 100-400. A subset of OB stars is defined within each model association by randomly drawing fractions of OB stars from a Gaussian distribution based on the observed median (0.11) and dispersion (0.10) of the OB star fractions in the observed sample. Each of the stars is assigned a random position and proper motion, drawn from Gaussian distributions centred on zero using the randomly generated dispersion values.
Cases V and VI are representative of globally expanding configurations of the case IV models. In case V, one third of the stars within each association are forced to exhibit outwards radial motion with respect to the association centre by taking v r to be the absolute value of the originally generated v r . On average, this causes 2/3 of the stars to have positive radial velocities. In case VI, one third of the stars within each association are assigned radial velocities equal to the largest absolute value of the original v r and v t , i.e. v r = max (|v r |, |v t |). The tangential velocity is set to the other, smaller component while keeping its original sign. This model ensures that radial motion dominates over tangential motion. This reproduces the strong radial anisotropy (β ∼ 0.4) that is expected from a monolithic formation scenario.
The model cases can be summarised as follows:
(i) Observed stellar positions and absolute velocities with random directions of motion (case I).
(ii) Observed stellar positions and absolute velocities where 1/3 of the stars are guaranteed to have positive radial velocities with respect to the mean position and velocity of the 20 nearest neighbours (case II).
(iii) Observed stellar positions and absolute velocities where 1/3 of the stars are guaranteed to have positive radial velocities and dominant radial motions with respect to the mean position and velocity of the 20 nearest neighbours (case III).
(iv) Random stellar positions and velocities drawn from a fourdimensional Gaussian distribution (case IV).
(v) Random stellar positions and velocities drawn from a fourdimensional Gaussian distribution where 1/3 of the stars are guaranteed to have positive radial velocities (case V).
(vi) Random stellar positions and velocities drawn from a fourdimensional Gaussian distribution where 1/3 of the stars are guaranteed to have positive radial velocities and dominant radial motions (case VI).
Together, these cases span a physically appropriate range of configurations for comparison to the observed kinematic diagnostics discussed below.
QUANTIFYING THE KINEMATICS OF OB ASSOCIATIONS
Through analysis of the radial velocities of the member stars of OB associations, it is possible to determine whether the associations are showing signs of strong radial expansion and, by extension, distinguish between the monolithic or hierarchical models of star formation. The left panel of Figure 3 shows the positions and velocities for the OB association Cas OB14. These velocities are then separated into their radial and tangential components in the middle and right panels of Figure 3 . These diagrams are shown for all 18 OB associations in Figure A1 . In the left panels of Figures 3 and A1, the OB stars are marked in blue with all other stars marked in red.
In the centre panels, the points are colour-coded according to the radial velocity direction: blue for v r < 0 and red for v r > 0. In the right hand panels the points are colour-coded by tangential motion direction: blue for clockwise (v t < 0) and red for anti-clockwise 'rotation' (v t > 0). In all panels, positions and velocities are shown relative to the association centre defined as the mean position and velocity of all stars. The relative position and velocity vector of the centre defined using only the OB stars is marked in grey in each panel.
The general impression of these maps is one of largely stochastic motion, albeit with some substructure in many cases. In the remainder of this section, we employ a number of quantitative tests by considering the cumulative distributions of several key kinematic diagnostics across the sample of OB associations. This allows us to assess the degree to which their kinematics are best described by a net expansion or by random motion.
Number ratios
If there is a widespread, systematic expansion of present-day OB associations, then it is likely to be evident in the ratio of stars moving away from the association centre to stars moving towards the association centre. Figure 4 shows the cumulative distribution of the number ratio of sources with positive (outwards) radial velocities (N v r >0 ) to the number of sources with negative (inward) radial velocities (N v r <0 ) for all OB associations. Also shown in this Figure are the normalised cumulative distributions for each of the six model cases described in the previous section.
It is immediately clear from this figure that, based on number ratios alone, the observed distribution of OB associations are far better represented by purely random distributions of stellar velocities rather than those distributions representing either locally expanding or globally expanding associations. There is a departure from the case IV curve tending slightly towards expansion; however, this effect is relatively small and the maximum observed ratio is ∼1.5, falling short of what may be expected from a widespread, systematic expansion. Qualitatively, the case I distributions are the closest approximation to the observed distributions. When the centres of the OB star populations are used, the case I approach of randomising proper motion directions recreates the departure from the case IV distribution of random positions and velocities. The locally expanding case II and III model distributions fall between the distributions based on random velocity fields and the two globally expanding distributions. When the centres of the entire stellar populations are used (right panel), the observed systems show a small expansion relative to the random motion models (case I and IV), but this small excess is reproduced by forcing just ∼5% of the stars to exhibit outward radial motion as in cases II, III, V, and VI (rather than the 1/3 used there). This is in strong contrast with the expectation from monolithic models, in which most of the stellar population exhibits expansion (Baumgardt & Kroupa 2007) . Based on these number ratios alone, the observed velocities are certainly consistent with a population of stars with randomly distributed velocities and inconsistent with both global and localised expansion scenarios.
Whilst giving the qualitative impression of a random distribution, the information gained from this simple analysis is limited, providing no indication of the magnitudes of the radial velocities and by itself it is not a definitive measure of the dynamical behaviour of the sample.
Median velocity distributions
To quantify the typical expansion (or contraction) velocities of the OB associations in our sample, we take the median value of the radial velocities of the stellar populations for each OB association. The cumulative distributions of the median radial velocities are shown in Figure 5 relative to both the centre of the OB stars and the centre of all stars, along with the six model cases. Uncertainties in the observed distributions are calculated by randomly generating 100 cumulative distributions of the median radial velocities by drawing values from a Gaussian distribution for each OB association, using the median radial velocities and the radial ve-locity dispersions shown in Tables 2 and 3 . These uncertainties are represented by the grey shaded area in Figure 5 .
It is again immediately clear that, although there is a tendency towards positive (outwards) radial velocities, the observed distribution falls closer to the case I (randomised velocity directions) and case IV (randomised positions and velocities) distributions than to any of the expanding models, regardless of which association centre is used. Within the uncertainties of the observed distributions (represented by the grey shaded area in Figure 5 ), the lower end of the observed distributions are consistent with the case IV random distribution. However, the case I distribution provides a closer match than the case IV distribution over the positive radial velocity region of parameter space. The extreme positive ends of the distributions partially overlap with the case II, III, and V model distributions; however, the positive parts of the distributions are far more consistent with the case I distribution overall. Therefore, the tendency towards positive values could be a result of positional substructure in the apparently high v r associations rather than a genuine radial velocity effect, as the case I distribution retains the original geometry of the observed associations, and therefore any existing positional substructure.
Overall, the median radial velocities in Figure 5 are much smaller than the radial velocity dispersions (see Tables 2 and 3 ). This indicates that any expansion of the associations is unlikely to have resulted from an impulsive event (such as gas expulsion) that caused a possible progenitor cluster to become unbound. Instead, these radial velocities are more consistent with the gradual, secular evolution of the nascent velocity field, as inherited from the turbulent ISM.
In Tables 2 and 3 , the seventh column shows the mean velocity uncertainty of the members of each association. In two of the 18 OB associations (Sct OB3 and Sgr OB1), the radial velocity dispersions are lower than the average uncertainties. These two associations are at relatively high distances where the velocity uncertainties are dominated by the uncertainties in parallax in the TGAS catalogue.The TGAS parallax uncertainties are likely to be overestimated (see the discussion in Section 4.2) which can account for the measured velocity dispersions being smaller than the average uncertainties.
While the median velocity distributions convincingly rule out systematic rapid (> 3 km s −1 ) expansion, they fail to take into account any information regarding the tangential component of the stellar velocities. In Figure 6 , the median is taken of the ratio of the radial velocity to the absolute value of the tangential velocity (v r /|v t |) across all stars in the OB associations. This probes the expansion rates in units of the typical velocity in the tangential direction. When the tangential velocities are taken into account, the case VI distribution is clearly distinguished from the other expanding distributions (cases II, III, and V), indicating that this is a powerful diagnostic of global, strongly anisotropic expansion.
The overall trends of Figures 5 and 6 are very similar. However, the normalised expansion velocities of Figure 6 provide a better match to cases I and IV than the absolute expansion velocities in Figure 5 . The upper end of the observed distribution relative to the centre of all stars falls between the randomly distributed case IV and the locally expanding case II distributions but is well characterised by the case I distribution. At its most extreme, the observed distribution is consistent with both locally expanding model distributions. However, this only concerns up to three OB associations out of the 18 analysed in this work. The radially anisotropic, globally expanding case VI distribution remains entirely inconsistent with observations.
Anisotropy
The radial anisotropy of a system represents the degree to which the radial velocity component dominates over the tangential velocity component. A radially anisotropic velocity field, retained for many initial crossing times (or tens of Myr), is a firm prediction of the monolithic star formation model. The 2-dimensional anisotropy parameter (β) determined for the OB associations in this work is directly analogous to the 3-dimensional parameter and takes the form:
While the three-dimensional form carries an additional factor of 2 in the denominator due to the double dimensionality of the tangential component, this is omitted when using a 2-dimensional space. A value of zero indicates that the radial and tangential velocity components are equal, while negative values and positive values indicate dominant tangential and radial components, respectively. In a system experiencing a period of systematic expansion (or contraction), β is expected to have a positive value. This is a critical quantity for answering whether OB associations are expanded clusters, because N-body simulations show that the anisotropy remains systematically high (β > 0.2) for long periods (tens to hundreds of initial crossing times, or tens of Myr) after gas expulsion (Baumgardt & Kroupa 2007 ). The cumulative distributions for the anisotropy parameter are shown in Figure 7 , using both the centre of OB stars and the centre of all stars. The model case where we take the absolute v r value for 1/3 of a set of randomly generated sources (case V) does not affect the anisotropy parameter, because it enters squared in equation (1). Only the case III and VI distributions represent strongly radially anisotropic expansion.
As for the previous quantities, the case I distribution fits well to observed data in the positive region of parameter space, whereas the case II, III, IV and V distributions provide a far better fit to the data at negative anisotropies. Qualitatively, the observed cumulative distributions of β are well matched by the case I, II, III, IV, and V distributions, while they are entirely inconsistent with case VI (where the radial velocity component is dominant). The case III anisotropic localised expansion models fall very close to the case II non-anisotropic locally expanding models; however, there is always a slight anisotropy excess in the case III models with respect to the case II models. The median of the anisotropy parameters of the OB associations in this sample is approximately zero. The radial component is therefore certainly not dominant, indicating no systematic tendency towards expansion or contraction. Likewise, there is no observed bias towards tangential motion, which implies that the observed stars are not moving in well ordered orbits around a common centre of mass. Therefore, it is clear that, even if none of the model cases presented here fit the observed data well, the observed population of OB associations cannot be produced by singularly monolithic expansion. However, expansion from multiple centres cannot be ruled out by the anisotropy parameter alone. Multiply monolithic cluster formation is ruled out by the combination of quantities discussed previously.
Kolmogorov-Smirnov tests
After qualitatively comparing the kinematic properties of the observed OB associations to our model distributions, we now quantify this comparison further. In order to assess the likelihood that Figure 5 . Again, the observed OB associations are best reproduced by a combination of the random motion models (cases I and IV). The anisotropy does not allow a distinction between case IV and case V, but case VI expansion is firmly ruled out. Table 4 . Kolmogorov-Smirnov statistics and associated p-values calculated using the centre of the OB star members for each association. The quantity for which the test is carried out is given in the first column. The following columns show the KS statistic and the corresponding p-values for each of the model cases. Case I uses the measured positions and absolute velocities of the stars in the 18 measured OB associations, but with randomised proper motion directions. Case IV uses randomly generated model associations, with each following a Gaussian distribution in X,Y,v x and v y . In case V one third of the stars in the case IV associations are forced to be expanding by using the absolute value of v r . In case VI, the velocity vectors of one third of the stars were changed such that the radial velocity is set by the largest absolute value of v r and v t , ensuring that radial motion is dominant. The final column shows the KS test results for when the case I distribution is used above the threshold for expansion (1 for N vr >0 /N vr<0 and 0 for all other parameters) and the case IV distribution is used at values lower than the threshold. Tables 4 and 5 using the centres of OB stars and the centres of all stars, respectively. For the number ratio of sources with positive versus negative values of the radial velocity (N v r >0 /N v r <0 ) relative to the OB star centre, the case I distribution has the lowest KS statistic (0.239) alongside the highest p-value (0.245). While neither the KS statistic, nor the p-value indicate a particularly good fit, this indicates that it is the most likely model from which the observed data were drawn out of those tested. The case I distribution and the observed distribution relative to the centre of all stars do not agree as well, with a KS statistic and p-value of 0.414 and 0.004, respectively. Regardless of which centre is used, the case I distribution is the closest match to the observations and both of the globally expanding configurations (cases V and VI) are highly inconsistent with the observed distribution, exhibiting KS statistics of 0.96 and 0.97 as well as extremely low p-values. The locally expanding model distributions (cases II and III) are also inconsistent with observations, with KS statistics in the range 0.5−0.8 and extremely low p-values. The case IV distribution lies between the case I and the expanding distributions in terms of both KS statistics and p-values.
For the median radial velocity distributions, the case I distribution is again the best fit to the observed data, with relatively low KS values of ∼0.3 and p-values of ∼0.07 regardless of which centre is used. While case IV does not provide as good a fit as case I, it represents a significant improvement on all of the expanding model cases in both KS statistic and p-value. While none of the model distributions provide particularly good fits to the observed data, with p-values of ∼ 0, all of the expanding model cases are ruled out based on the observed median velocity distributions, regardless of whether the expansion is global or localised. When the median radial velocities are normalised by the tangential velocities, the KS statistics again suggest that case I and IV are the best fits to the data, with cases V and VI being strongly inconsistent with the observations.
For the anisotropy parameter, the case I, II, IV and V models provide similar fits to the observed distribution, consistently providing KS statistics below 0.3 and p-values greater than 0.1. Case III exhibits similar KS statistics and p-values relative to the centre of OB stars but the p-value is significantly lower (0.021) when the centre is defined as the mean position and velocity of all stars. Meanwhile, the strongly anisotropic globally expanding case VI results in high KS statistics (0.753 and 0.813) and extremely low p-values, indicating that case VI is inconsistent with the observed distributions. While none of the model distributions fit the observed data well, only the globally expanding and anisotropic case VI model distribution is conclusively ruled out by the anisotropy parameter.
The mean p-values of the six model cases in Tables 4 and 5 summarise the above discussion, in that case I and IV best reproduce the observed kinematics. 2 The globally expanding models of case V and VI are firmly ruled out by the observations. While the locally expanding models are not ruled out by anisotropy, they are firmly ruled out by the remaining three parameters. Regardless of the parameter being tested, or whether the centre of the OB stars or the centre of all stars is used as the reference frame, the cases that represent simple random distributions (case I and case IV) yield lower KS statistics than the globally expanding scenarios (case V and case VI). This also holds in the case of localised expansion from multiple points (case II and III), except for the anisotropy parameter. This is in good agreement with the qualitative interpretations of Figures 4-7. In general, the sample of OB associations presented in this work are therefore best described as close to random velocity fields with no evidence of systematic expansion or contraction.
It is clear from Figures 4-7 that a combination of cases I (at high, expansion-like values) and IV (at low, expansion-averse values) will qualitatively provide the best fit to the data in every case. In the final columns of Tables 4 and 5 , we present KS test results for a combination of the case I and case IV models where the values from case I are used above the threshold value between expansion and contraction (1 for the N v r >0 /N v r <0 ratio and 0 for all other parameters), and case IV below that threshold. When these two distributions are combined in such a manner, it provides the lowest KS statistics and highest p-values for all parameters except for N v r >0 /N v r <0 when the centre is defined as the mean position and velocity of OB-type stars. The case I models retain the original geometries of the observed associations. It is therefore plausible that the departure of the observed distribution from the purely random case IV distribution towards expanding velocity fields is due to a geometric effect such as positional substructure.
DISCUSSION
In this paper, we have quantified the kinematics of the members of 18 OB associations with high-quality astrometry from the Gaia-TGAS catalogue of stellar parallaxes and proper motions. The position-position figures with velocity vectors shown in Figure A1 show that there are no immediately obvious trends in velocity fields or in the radial or tangential components of these velocities. The degree to which these associations can be described as being expanding has been quantified using four key kinematic diagnostics, finding no evidence of systematic rapid expansion of nearby OB associations. In conclusion, these results show that the observed kinematics of nearby OB associations are inconsistent with the gasexpulsion driven expansion of the singularly and multiply monolithic cluster formation scenarios. While hierarchical star formation is neither ruled out nor confirmed by this work, the elimination of monolithic cluster formation scenarios must favour hierarchical star formation.
Implications of this work
We have used the radial and tangential velocity components in the plane of the sky (v r and v t , respectively) of the association members to quantify four kinematic properties for each of the associations: the stellar number ratio N v r >0 /N v r <0 , the median radial velocity (v r ), the median radial velocity normalised by the tangential velocity (v r /|v t |), and the radial anisotropy parameter (β). The cumulative distribution of each of these values over all OB associations is tested against model distributions generated using randomised velocity distributions and expanding distributions (both from a single centre and from multiple centres). In each of these tests, the measured sample lies much closer to the random velocity field distributions than the distributions resulting from the globally expanding models. The localised expansion models are ruled out in all parameters except for the anisotropy parameter. This is quantified through the use of KS tests performed between each model distribution and its observed counterpart, shown in Tables 4 and 5 . While none of the models provide a particularly good fit to the observed data, it is clear from these tests that the observed distributions in radial velocity and anisotropy are inconsistent with a scenario in which OB associations exhibit any significant net expansion due to having been much more compact in the past. Even though some OB associations do show signs of expansion, these can easily be reconciled with a random velocity distribution when the original association geometries are retained. This is most likely the result of substructure in the XY plane, as this is the only difference between the case I and case IV distributions. There is no widespread, systematic expansion of present-day OB associations. Baumgardt & Kroupa (2007) find that in the event of early cluster disruption resulting from rapid gas expulsion, stars acquire strongly radially anisotropic velocity fields. This is not seen in the sample of OB associations presented here. Indeed, no evidence has been found to support the view that OB associations are undergoing dispersal by radial expansion following gas expulsion. The consistency of the observed velocity fields with random velocity distributions (within the uncertainties) indicates that there is no systematic expansion or contraction of OB associations. This is inconsistent with a picture of star formation in which high density, gravitationally bound clusters are a fundamental unit of star formation and subsequently expand in response to gas expulsion. This sample of associations is therefore far more consistent with a hierarchical model of star formation than singularly or multiply monolithic star formation models. From this, and in light of previous studies of OB associations (e.g. Wright et al. 2014 Wright et al. , 2016 , we draw the conclusion that it is unlikely that OB associations are the expanded remnants of dense clusters and that therefore not all stars form in highdensity clustered environments. Of the two widely adopted models of association formation (monolithic and hierarchical), our findings favour a hierarchical star formation scenario, in which stars are formed over a scale-free, hierarchically structured continuum of environments. This continuum allows for the in-situ formation of the full range of young stellar populations, from dense clusters at the high-density end, through OB associations at intermediate densities, to relatively isolated star formation at low densities.
Caveats and other considerations
Following the release of the TGAS catalogue, the appropriateness of the large parallax uncertainties presented in the catalogue has been called into question. The parallax uncertainties in the TGAS catalogue have been inflated with respect to the internally derived formal uncertainties (Lindegren et al. 2016 ) by: .4, 0.20 mas) . (2) Since the release of the catalogue, a number of studies have shown that these uncertainties (which are conservative by design) are significantly overestimated. By comparing the TGAS parallax measurements with those determined from the RR Lyrae periodluminosity relation, Gould et al. (2016) found that the uncertainties in TGAS are overestimated and suggest that more appropriate values would be (A, σ 0 ) = (1.1, 0.10 mas). By contrast, when comparing the TGAS parallaxes to those derived from the RAVE, McMillan et al. (2017) find that the random uncertainties in the TGAS catalogue are overestimated by ∼0.2 mas. We choose to use the original, conservative uncertainties, because the disagreement between the Gould and McMillan papers shows that the extent to which the uncertainties are overestimated is not uniquely characterised. The overestimation of the parallax uncertainties can account for the small radial velocity dispersions compared to the average velocity uncertainties of the two most distant OB associations in this study (see Section 3.2).
In addition, McMillan et al. (2017) show that for a small region of the sky, the parallaxes in the TGAS catalogue are systematically higher than those determined by the Radial Velocity Experiment (RAVE, Steinmetz et al. 2006 ) by up to 0.4 mas. At the distance of 1 kpc this would mean that the distances in the TGAS catalogue could be underestimated by up to ∼300 pc. The affected region lies at approximately λ ∼ 0°and β ∼ −60°in ecliptic coordinates. We have verified that none of the OB associations in our sample lie in a conservatively-chosen region between −30°and 30°in ecliptic longitude and lower than −20°in ecliptic latitude. Therefore our results are unaffected by this discrepancy in parallax.
Substructure and mass segregation are powerful diagnostics of the formation and past evolution of associations, which in turn can be key in distinguishing between different models of star formation Wright et al. 2014 ). While we speculate that positional substructure retained in the case I models may explain the better fit to observational data than the purely random case IV models, kinematic and positional substructure has not been directly addressed in this study. This is because the limited number of OB association members that have been selected makes any detailed analysis of such small structures highly uncertain. It is anticipated that future Gaia data releases will allow high precision, kinematic studies of individual substructures and clusters within OB associations.
Mel 'nik & Dambis (2017) have also made use of the TGAS catalogue to study the kinematics of OB associations, finding that their sample of observed OB associations are globally unbound. Their result does not fundamentally conflict with the results of this paper. An obvious potential point of contention is the high expansion velocities found for Per OB1 and Car OB1 of 6.3 km s −1 . These associations were not deemed to contain a sufficient number of stars for our study after the membership selection criteria imposed in Section 2, so we cannot quantitatively comment on these velocities directly. However, our findings do suggest that random velocity fields can easily reproduce apparent median expansion velocities of at least 3 km s −1 when original association geometries are retained, including any possible substructure. It should also be noted that Mel'nik & Dambis (2017) find velocity dispersions of the order of 4 km s −1 , around half the average radial velocity dispersion of our larger sample of association members (9 km s −1 ). This could be related to the smaller samples of association members used in Mel'nik & Dambis (2017) , making all averages and dispersion measurements more susceptible to outliers. In view of the above considerations the finding of expanding OB associations from Mel'nik & Dambis (2017) should be treated with some caution, because the physical interpretation of the adopted metrics is not unambiguous.
The sample of associations analysed in this study is not complete, but it does represent the subset that can be studied up to the maximum considered distance of 1.6 kpc at the desirable precision using the available data from DR1. Moreover, due to the rela-tively high uncertainties in distances derived from TGAS parallaxes (compared to the upcoming Gaia DR2), it is highly likely that the membership selection is both incomplete and has a number of contaminants. The upcoming Gaia data releases will allow a study of parallaxes and proper motions for OB association members derived entirely from Gaia data, allowing for a significant improvement in precision. This will allow for an unbiased approach to selecting OB associations without the prior selection criterion of an OB association appearing in the literature. Moreover, the improved precision of distances derived from parallaxes in future Gaia data releases will increase the maximum distance to which the techniques employed in this work can be applied, and increase the number of successfully selected association members. With the combination of Gaia DR2 and line-of-sight velocities from large scale radial velocity surveys, we anticipate a future high precision six-dimensional study of a significantly larger sample than of the OB associations presented here.
CONCLUSIONS
In this paper, we quantify the kinematics of 18 nearby OB associations using the Gaia TGAS catalogue for which we could identify at least 100 stellar members. The goal of this analysis is to test whether these associations are the relics of single or multiple expanded compact clusters. We measure four key parameters: the stellar number ratio N v r >0 /N v r <0 , the median radial velocity (v r ), the median radial velocity normalised by the tangential velocity (v r /|v t |), and the radial anisotropy parameter (β). We compare the observed cumulative distributions of these parameters with those of model OB associations that are representative of random velocity fields, expansion from a single point, and expansion from multiple points. A systematic global expansion of OB associations from a single point, as would be expected from a singularly monolithic cluster formation scenario, is firmly ruled out by each of the four parameters measured in this study. This is the case regardless of whether the expansion is anisotropic or non-anisotropic. Likewise, a multiply monolithic cluster formation model, in which expansion occurs from many points, is ruled out by the number ratio, median radial velocity, and normalised median radial velocity parameters. Within the uncertainties, the observed associations are largely consistent with the model distributions that represent randomised motions of stars with no systematic expansion or contraction. Where small net expansions (< 3 km s −1 ) are present, these can easily be reconciled with random velocity fields when retaining the geometric configurations of the observed associations, which preserve any positional substructure.
Based on the above results, we infer that OB associations most likely formed as large-scale systems, with hierarchical structures similar to those of molecular clouds. Therefore, we must conclude that only a subset of stars form in gravitationally-bound clusters. Given that, in the solar neighbourhood, most stars older than a few Myr reside in associations (Blaauw 1964; Lada & Lada 2003) , this implies that a minority of all stars form in bound clusters under solar neighbourhood conditions.
The perspectives for the continuation of our analysis using the diagnostic power of future Gaia releases are highly encouraging. By using only 18 OB associations from the first Gaia data release, the present study already conclusively rules out both the singularly and multiply monolithic cluster formation scenarios where all OB associations are the expanded relics of either single or multiple dense clusters following their expansion due to gas expulsion.
Instead, it favours a model in which OB associations originate insitu and inherit the structure and dynamics of the hierarchical ISM. Given that many more stars are found in OB associations than in dense clusters (e.g. Lada & Lada 2003) , this immediately implies that most stars do not form in clusters in the solar neighbourhood. While this work has expanded the handful of OB associations studied this way in the literature to about 20, future Gaia releases will enable systematic surveys of hundreds of OB associations. The next couple of years promise to mark great progress in our understanding of spatially clustered star formation. Table B1 . A randomly selected subset of 40 members of the Cas OB14 association, selected following the procedure outlined in Section 2.1. All OB
